The C to U editing of apolipoprotein B (apoB) mRNA converts a glutamine codon in apoB100 mRNA into a stop translation codon thereby generating apoB48. The catalytic subunit of the editing enzyme, APOBEC-1, is an RNA-binding cytidine deaminase that requires auxiliary factors for the editing of apoB mRNA. Computer modeling and ribonuclease probing of the wild-type and mutant apoB RNA substrates reveal a stem loop at the editing site. This structure incorporates the essential sequence motifs required for editing. The localization of the edited cytidine within the loop suggests how it could be presented to the active site of APOBEC-1 for deamination. We have identified 43/45 kDa proteins from chick enterocytes and show evidence for their involvement in auxiliary editing activity. p43/45 demonstrates preferential binding to AU-rich RNA and to the Caauuug motif that forms the loop and proximal stem of the apoB mRNA.
The C to U editing of apolipoprotein B (apoB) mRNA converts a glutamine codon in apoB100 mRNA into a stop translation codon thereby generating apoB48. The catalytic subunit of the editing enzyme, APOBEC-1, is an RNA-binding cytidine deaminase that requires auxiliary factors for the editing of apoB mRNA. Computer modeling and ribonuclease probing of the wild-type and mutant apoB RNA substrates reveal a stem loop at the editing site. This structure incorporates the essential sequence motifs required for editing. The localization of the edited cytidine within the loop suggests how it could be presented to the active site of APOBEC-1 for deamination. We have identified 43/45 kDa proteins from chick enterocytes and show evidence for their involvement in auxiliary editing activity. p43/45 demonstrates preferential binding to AU-rich RNA and to the Caauuug motif that forms the loop and proximal stem of the apoB mRNA.
C to U RNA editing has been described in organisms ranging from primitive eukaryotes to plants and mammals. This form of RNA substitution editing occurs within the mitochondria and chloroplasts of land plants and serves to restore open reading frames and secondary structure within the stems of introns and tRNA through the correction of T to C deviations from the universal genetic code (1) (2) (3) (4) (5) (6) (7) . Similar C to U RNA editing has also been reported within transcripts of the mitochondrial genome during the maturation of the acellular slime mold, Physarum polycephalum. Unlike other examples of editing, Physarum is the only organism currently known to perform both insertional and substitutional editing within the same transcripts (8) . Single nucleotide substitution editing occurs within the tRNAs of many species (9 -12) and generally serves to restore base pairing within the aminoacyl acceptor stem. An example of C to U RNA editing occurs within the anticodon of tRNA Asp in the mitochondria of marsupials. This converts the coding properties of this tRNA from glycine (CcG) to aspartate (CuG) (13, 14) .
Another form of site-specific C to U RNA editing occurs within the mRNA of apolipoprotein B (apoB). 1 This early posttranscriptional modification (15) involves the deamination of cytidine at position 6666 within the apoB100 mRNA of Eutherian and marsupial mammals (16 -19) . This RNA editing converts the glutamine codon 2153 (CAA) into a stop translation codon (UAA) thereby generating the carboxyl terminus of apoB48. ApoB48 is co-linear with the amino-terminal 2152 residues of apoB100. The carboxyl-terminal low density lipoprotein receptor binding domain found in apoB100 is absent in apoB48. The physiological functions of these two isoforms are markedly different with apoB100 delivering endogenous triglyceride and cholesterol from the liver to the periphery (20, 21) and apoB48 required for the absorption of dietary lipid and subsequent storage or use as an energy source (16 -19) .
The catalytic subunit of the apoB mRNA editing enzyme, APOBEC-1 (apoB RNA-editing cytidine deaminase subunit-1), has been cloned from a number of species (22) (23) (24) (25) . It is a homodimeric zinc-containing cytidine deaminase (15, 24, 26, 27) . Recent homology modeling of APOBEC-1 onto the crystal structure of Escherichia coli cytidine deaminase (ECCDA) (28) has shown that the two enzymes are related in tertiary and quaternary structure. These studies proposed that a composite active site is formed at the dimer interface between the two monomers of the APOBEC-1 dimer. Gaps in APOBEC-1 compared with ECCDA suggest how a cleft is created within the dimer interface, providing access for the apoB mRNA substrate.
APOBEC-1 alone is not competent for editing. Additional protein factors are required (15, 22, 24, 26, 29 -31) . This auxiliary editing activity has been shown to be widely expressed in baboon, chick, rabbit, and rat tissues, including tissues that neither express APOBEC-1 nor apoB mRNA (22, 24, 26, 31) . To date the auxiliary editing proteins have not been identified. UV cross-linking studies have shown the interaction of proteins of around 40, 60, and 240 kDa from various tissues (29, (32) (33) (34) (35) . Auxiliary editing protein(s) may recognize sequence and/or structural motifs within the apoB mRNA and function as the RNA-binding component of the holoenzyme or act as RNA chaperones.
The cis-acting elements required for apoB mRNA editing have been delineated (26, (35) (36) (37) (38) (39) (40) . Two sequence elements have been identified. An 11-nucleotide sequence (nt 6671-6681), located at a fixed distance downstream of the edited C, and an AU-rich APOBEC-1-binding sequence (nt 6678 -6683) with nucleotides overlapping this mooring site have been demonstrated. More distal elements flanking the editing site have been identified including 5Ј and 3Ј efficiency elements (41) . It has been proposed that recognition of the editing site is dependent upon the secondary structure of the substrate RNA (36 -39, 42) . Computer modeling analysis of apoB mRNA predicts a highly conserved stem loop secondary structure for the apoB * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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In this investigation we have used ribonuclease probing to study wild-type and mutant RNA substrates to derive biochemical evidence for the presence of a stem loop at the apoB mRNA editing site. In addition we have characterized a series of AUrich binding proteins that copurify with editing activity and UV cross-link to the secondary structures identified by ribonuclease probing. Proteins of 43/45 kDa have been shown to bind to a region of the apoB mRNA substrate that forms the loop and stem. This may represent the RNA-binding component of the holoenzyme or function to present the RNA to APOBEC-1 for C 6666 editing through chaperone actions.
EXPERIMENTAL PROCEDURES
Enzymes and Chemicals-Ribonucleases T1, U2, and V1 were obtained from Amersham Pharmacia Biotech, and ribonucleases A and C were from Boehringer Mannheim and Sigma, respectively. Carrier tRNA was purchased from Boehringer Mannheim. Chemical inhibitors PG, NEM, FMA, and pCMB were from Sigma. Autoradiography was performed at Ϫ70°C using Biomax MR film (Kodak) and intensifying screens (DuPont).
Sequence Alignment and Secondary Structure Prediction-The alignment of the 11 apoB mRNA species was performed using the program PILEUP, which is part of the University of Wisconsin GCG package version 9.1 (43) and was shaded using BOXSHADE (ISREC Bioinformatics Group, HGMP-RC). The program FoldRNA (44) was used to generate optimal foldings of RNA sequences.
Chick Intestinal Extracts-Extracts were prepared as described previously from chick intestinal epithelium (26) with the following modifications. S100 extract was fractionated by adding crystalline ammonium sulfate while stirring on ice, and the precipitate from the 10 -70% fraction was collected (25,000 ϫ g, 30 min) and dialyzed against buffer A (20 mM Bis-Tris (pH 6.5), 10% glycerol, 1 mM EDTA, 5 mM mercaptoethanol, and 0.05% Thesit TM ). Chromatography-The 10 -70% (NH 4 ) 2 SO 4 fraction (800 mg) was chromatographed on a 25-ml blue Sepharose column (Amersham Pharmacia Biotech) in buffer A at a flow rate of 0.5 ml/min. The resin was washed with 3 column volumes of buffer A followed by 4 column volumes of a 0 -2 M NaCl linear salt gradient in buffer A. The column was then eluted with 1.5 column volumes of 2 M NaCl followed by 4 column volumes of buffer A containing 2 M NaCl and 2 M urea. 10-ml fractions were collected and individually dialyzed against 300 volumes buffer A for 12 h with two changes. Aliquots were then assayed for in vitro complementation activity and apoB mRNA cross-linking. Protein concentrations were determined according to Bradford (45) , using bovine serum albumin for a standard curve.
Expression of APOBEC-1 in Sf9
Cells-APOBEC-1 was expressed in Sf9 insect cells with a hemagglutinin tag as described previously (26) .
Conversion and Primer Extension Analysis-Conversion and primer extension assays were performed as described previously (39) using 55-base scrambling mutant human apoB mRNAs (nucleotides 6649 -6703), a 208-base (nucleotides 6510 -6717) rat apoB mRNA, or 3Ј-truncated A-I apoB mRNAs. ApoB transcripts were edited in the presence of APOBEC-1 (typically 1 g) and complementing extract (10 -100 g). Quantification of editing was performed by laser densitometric scanning (PhosphorImager, Molecular Dynamics). (26) . Apobrev3 template was synthesized by two rounds of PCR. The first PCR product was generated using primers ApaI apobrev and Apobrev mid. This was then purified and subjected to a second round of PCR using primers ApaI apobrev and NsiI apobrev. Actin template was supplied with the labeling kit (Ambion). UV cross-linking studies were performed as before (29) . Cross-linked products were separated on 10% SDS-polyacrylamide gel electrophoresis gels which were then dried and subjected to autoradiography.
Chemical Inhibitor Studies-Inhibition of conversion or UV crosslinking assays with phenylglyoxal (PG), fluorescein mercuric acetate (FMA), N-ethylmaleimide (NEM), and p-chloromercuribenzoic acid (pCMB) were performed as described previously (29) .
Structure Probing of ApoB mRNAs-The RNAs used in this study were synthesized by T7-directed in vitro transcription using reagents and instructions from Ambion Biotechnology Ltd. The wild-type 46-nucleotide apoB mRNA was transcribed from a PCR-generated template (46) . The 55-nucleotide apoB mRNA and scrambling mutant mRNAs (39) were transcribed from HindIII-linearized pBS plasmids. Transcripts were dephosphorylated at their 5Ј ends and then radioactively labeled using [␥-
32 P]ATP (NEN Life Science Products) and T4 polynucleotide kinase (Amersham Pharmacia Biotech) according to Ehresmann (47) . The labeled RNAs were gel-purified from a 10% polyacrylamide-urea denaturing gel and eluted overnight at 37°C in 10 mM Tris-Cl (pH 7.4), 300 mM NaCl, 1 mM EDTA (pH 8.0), 2% phenol, and 100 g of tRNA. The RNA was phenol/chloroform-extracted, precipitated with ethanol, and resuspended in water and tRNA such that samples yielded 25,000 cpm and 10 g of tRNA per l.
Sequencing ladders were prepared using non-limiting dilutions of RNase A (5 ϫ 10 Ϫ2 units/l), C (1 ϫ 10 Ϫ2 units/l), T1 (1 ϫ 10
Ϫ2
units/l), and U2 (0.1 units/l). In structure-probing reactions RNAs were digested with RNase C (2 ϫ 10 Ϫ3 units/l), T1 (0.1 units/l), and V1 (8 ϫ 10
Ϫ2 units/l). Digestions were performed at 30°C in structureprobing buffer (10 mM Tris-Cl (pH 6.8), 10 mM MgCl 2 , and 100 mM KCl) for 1, 5, and 10 min as described previously (48) . Hydroxide ladders FIG. 1. Sequence alignment of mammalian apoB mRNA editing sites. Alignment of the editing site for apoB mRNA from 11 species shows high conservation between species. Accession numbers are as follows: mouse (GenBank TM accession number AA980371), rat (M23049), pig (L11235), dog (S65943), human (X04506), sheep, (U94721), and rabbit (M17780). The sequences of cat, cow, horse, and guinea pig were taken from Greeve et al. (60) . Shaded nucleotides indicate sequence identities. Mooring sequence, spacer element, and putative APOBEC-1-binding site are indicated. Asterisk denotes the edited C 6666 . The upper numbering of nucleotides is based on that used for ribonuclease probing. Below is a representation of the human apoB wild-type (A-I) 55-mer RNA. Scrambling mutant transcripts A-I were generated by changing 6-nucleotide sections to their complementary sequence.
were generated by RNA hydrolysis at 94°C for 10 min and terminated by the addition of hydroxide stop dye as described previously (49) . Structure-probing reactions (4 l) were terminated by the addition of 2 l of structure-probing stop dye (9 M urea, 10% (v/v) glycerol, 0.05% (w/v) xylene cyanol, and 0.05% (w/v) bromphenol blue) and freezing immediately on dry ice. Samples were electrophoresed through a 12% polyacrylamide, 7 M urea, 0.5% agarose sequencing gel.
Oligonucleotides-The oligonucleotides used are as follows. 
RESULTS

Sequence Requirements for ApoB mRNA Editing with Chick
Auxiliary Proteins-A comparison of the apoB mRNA sequence (nt 6645-6703) surrounding the edited C 6666 of 11 mammalian species is shown in Fig. 1 . The sequence around the editing site is 73% AU-rich and highly conserved between species. The level of homology over the entire region is around 94% between all species.
To identify regions of apoB mRNA required for editing in the presence of chick auxiliary editing proteins, mutant apoB RNAs were studied. A series of nine scrambling mutants (A to I) spanning the editing site (nt 6649 -6703) were generated in which six nucleotides were converted to their complementary sequence for each mutant. Mutant RNAs were tested for editing with chick intestinal S100 extract supplemented with APO-BEC-1. A 55-nucleotide wild-type transcript (WT55-mer) was used as an internal standard. The results are summarized in Fig. 2 . The efficiency of editing of mutant RNAs is given in terms of percentage of wild-type. Mutations of 12 nucleotides downstream of the edited C, corresponding to mutants D and E (nt 6667-6678), all but abolished editing (7 and 11% WT, respectively). Similarly, mutation of six nucleotides further downstream (mutant G, nt 6685-6690) reduced editing to 7% of WT, demonstrating the requirement of these regions for efficient in vitro editing. Mutants C (nt 6660 -6665) and F (nt 6679 -6684) supported 25 and 23% WT editing, respectively, indicating the importance of these regions in editing. Mutation of nucleotides further downstream (nt 6691-6703), corresponding to mutants H and I, show elevated editing (225 and 249% WT, respectively). Overall these results demonstrate the im- portance of nucleotides 6660 -6690 (Ϫ6 to ϩ24) for editing in vitro in the presence of chick auxiliary proteins.
Secondary Structure of the ApoB mRNA Editing Site-Computer modeling analysis, using the FoldRNA program (44), predicts a stem loop structure for human apoB mRNA, with C 6666 localized in the loop. This predicted stem loop is highly conserved throughout all species sequenced.
To define the secondary structure of apoB RNA at the editing site, synthetic transcripts were probed with sequence specific ribonucleases. Structure probing was first performed on a shorter human WT46-mer transcript, containing a 6-nucleotide T7 promoter linker and a 40-nucleotide apoB transcript (nt 6645-6684). This transcript contains the sequences present in WT42-mer (62% WT editing) (39) with 5 nt absent from the 3Ј end and demonstrates UV cross-linking to APOBEC-1 (data not shown). The computer-predicted secondary structure of WT46-mer is shown, and probing results are summarized in Fig. 3 . The cleavage sites for the single-stranded specific ribonucleases A, C, T1, and U2 and duplex-specific ribonuclease V1 are illustrated, with nucleotide number starting at the edited C. The 3rd to 6th lanes correspond to non-limiting digestions of WT46-mer with RNase A, C, T1, and U2, respectively. These sequencing ladders, along with the hydroxide ladder, serve to identify each specific cleavage site, verify RNA sequence, and enable orientation of structure-probing hits within the RNA molecule produced through limiting digestions (7th to 15th lanes). In ribonuclease structure-probing experiments using ribonucleases C, T1, and V1, only the first hit is informative. Here each ribonuclease was titrated until limiting and reactions were performed at 1, 5, and 10 min. Digestion of the WT46-mer with RNase V1 resulted in cleavage at residues C ϩ9 , A
Ϫ3
, G Ϫ4 , U
Ϫ5
, and G Ϫ13 , illustrating duplex or stacked regions at these positions (47) . Based on these digestions, a schematic diagram was constructed showing cleavage sites drawn onto the proposed secondary structure (Fig. 3C ). In the model, as in the computer prediction, C 6666 is localized in the loop. The primary cleavage sites of RNase C (C 0 , C Ϫ11 , and C Ϫ15 ) and RNase T1 (G ϩ11 , G ϩ6 , G Ϫ4 , G Ϫ13 , and G Ϫ16 ) are, in general, located in single-stranded regions, consistent with duplex digestions. Exceptions to this are those cleavages at sites G Ϫ4 and G Ϫ13 in which both single-and double-stranded specific ribonucleases appear to cleave. A possible explanation for this is the dynamic nature of the structure, moving in and out of this stem loop conformation. These structure-probing results demonstrate the formation of a stem loop for human apoB mRNA at the editing site, with the edited C 6666 localized in the loop.
We next probed the structure of the WT55-mer transcript used in editing and as an internal standard for the scrambling mutants. Structure-probing results for WT55-mer are shown in Fig. 4 . Limiting structure-probing cleavages are shown to the right of the gel, and sequencing ladders and control are positioned to the left. Digestion with RNase V1 resulted in cleavage at residues C ϩ9 , U ϩ6 , G Ϫ4 , U
, U Ϫ9 , and A Ϫ10 . The structure accommodated by this information is schematically represented, and, as similarly depicted by the computer predicted model, shows localization of substrate C 6666 within the loop. The structure of WT55-mer is consistent with that of the stem loop conformation of WT46-mer, although the loop in the latter consists of 8 bases instead of 5. The primary cleavage sites of
, and G
Ϫ25
. Those of RNase C are C 0 , C Ϫ11 , and C Ϫ15 . Cleavages by these single-stranded specific ribonucleases appear to occur irrespective of base paired regions. As with WT46-mer, singleand double-stranded specific ribonucleases often cleave at the same sites, illustrating the dynamic nature of the secondary (44) . B, ribonuclease digestions of WT46-mer under non-limiting (sequencing ladders) and limiting (structure probing) conditions. Hydroxide ladder shows banding at every nucleotide position. Structure-probing reactions using ribonucleases C, T1, and V1 were incubated for 1, 5, and 10 min. The numbers refer to nucleotide position starting from the edited C. C, schematic representation of structure-probing cleavage sites drawn on to the RNA stem loop as derived from ribonuclease probing.
structure. This is more prevalent in longer transcripts, and consequently, duplex regions are exclusively identified through RNase V1 cleavages and are not corroborated by the inability of single-stranded specific ribonucleases to digest at that position. Secondary structure-probing results presented here show the formation of conserved stem loops for human apoB transcripts of 46 and 55 nucleotides. In each case the edited C 6666 is localized within the loop making it available to the active site of APOBEC-1 for deamination.
Secondary Structure of the Editing Site of the Scrambling Mutants-To verify the importance of the stem loop at the editing site, 6 scrambling mutants (B to G) based on WT55-mer were enzymatically probed. Cleavage of RNA duplexes by RNase V1 of scrambling mutants B to G is shown in Fig. 5 . Schematic diagrams of those mutant RNAs where cleavages could be represented in a secondary structure are shown in Fig.  6 . Identical bandings can be seen for WT55-mer and mutant B at positions C ϩ9 , U ϩ5 , G Ϫ4 , and U Ϫ5 around the editing site. Modeling of these data for mutant B, which supports 90% WT editing, produces an almost identical stem loop conformation as for WT55-mer. Mutants C, D, and E show contrasting RNase V1 cleavage patterns around the editing site. Stem loop structures were not apparent for these transcripts, and construction of schematic diagrams representing these data was not possible. In these cases, double-stranded cleavages may be the results of RNA duplexing. Each of these RNAs failed to show in vitro editing when assayed with chick extract, supporting the involvement of a stem loop for apoB editing. RNase V1 digestion patterns for mutants F and G are almost identical, showing cleavages at C ϩ9 , G
Ϫ4
, U Ϫ9 , and A Ϫ10 . The modeling of these data produces stem loop conformations much like those of WT55-mer and mutant B, localizing the edited C within the loop. Editing of these RNAs (Fig. 3) shows 23 and 7% WT, respectively. Previous studies highlighting the importance of the mooring element (nt 6671-6681) suggest that in the case of mutant F, reduction in editing is primarily due to sequence alteration rather than a structural disruption. With respect to mutant G, which lies distal to the stem loop, abolition of editing when assayed with chick extract suggests that this may represent an additional sequence element requirement. These results indicate that the in vitro editing of apoB mRNA has a requirement for a stem loop structure that places the edited C 6666 in a loop, in addition to specific sequence requirements.
Characterization of Chick Proteins That Bind to the Editing Site-
We next sought to characterize the chick auxiliary editing proteins and to identify their binding site(s) on the stem loop identified in the apoB mRNA by ribonuclease probing. The auxiliary editing proteins were partially purified and evaluated for apoB mRNA editing and binding. S100 extract was prepared from chick enterocytes using methodology previously described (50) . Extracts were fractionated with 10 -70% ammonium sulfate and further purified by chromatography over blue Sepharose (Fig. 7) . A proportion of auxiliary editing activity failed to bind to the column and eluted in the flow-through and wash (data not shown). 2 M NaCl was required to elute the auxiliary editing activity from the column, indicating its high binding affinity for blue Sepharose. A further peak of high specific activity extract was eluted from the column with a combined wash of 2 M NaCl and 2 M urea. To assess the binding of proteins to apoB RNA, each of the elution fractions from the Fig. 7 where UV cross-linking proteins are aligned with in vitro editing. The column was eluted with low salt, yielding fractions that lacked auxiliary editing activity and also failed to demonstrate UV cross-linking. In fractions eluted with 2 M NaCl, auxiliary editing activity was released from the column, and this corresponded to the elution of UV cross-linking proteins of 40 and 43 kDa and low levels of a 60 kDa protein. Similarly, with the elution of high specific activity extract in the combined salt and urea wash, proteins of 40, 43, and 60 kDa specifically eluted with peak editing activity (fractions 16 and 17) . In fractions subsequent to these, auxiliary editing activity was still present although somewhat reduced, but the band at 40 kDa was no longer evident. These results support the involvement of 43-and 60-kDa apoB RNA-binding proteins in auxiliary editing activity and as candidates for the auxiliary editing factors.
Inhibitors of Editing Disrupt UV Cross-linking-Further evidence for the involvement 43 and 60 kDa cross-linking proteins in apoB RNA editing was achieved through chemical inhibition studies. Chick auxiliary editing activity and crosslinking ability was probed with specific chemical inhibitors. Editing of apoB RNA was inhibited by phenylglyoxal (PG) in a concentration-dependent manner (Fig. 8) . These studies showed p43 to exist as a doublet of 43 and 45 kDa proteins. UV cross-linking of p60 and this p43/45 doublet were similarly inhibited by PG, with a profile that followed the inhibition of editing. ApoB mRNA editing was selectively inhibited by FMA in a concentration-dependent fashion (Fig. 8) . Fluorescein, in contrast, showed no inhibition and served as an internal standard, demonstrating specific inhibition through the interaction of the site-specific mercuric group rather than any nonspecific interactions from the fluorescein ring system. The UV crosslinking of p43/45 was disrupted in a concentration-dependent fashion by FMA that paralleled the disappearance of auxiliary editing activity (Fig. 8) . 0.1 mM FMA completely abolished UV cross-linking of p60 despite ϳ45% auxiliary editing activity remaining. These results support the role of the 43/45 kDa proteins in apoB mRNA editing in vitro. PG and FMA inhibition indicate the involvement of arginine(s) and disulfide linkage(s), respectively, in the functional activity of auxiliary proteins. Studies with sulfhydryl-specific inhibitors (pCMB and NEM) failed to show any inhibition (data not shown).
Mapping of UV Cross-linking Proteins to the ApoB RNA Editing Site-To define the RNA-binding sites of the UV crosslinking proteins and to characterize further these potential auxiliary proteins, a series of truncated RNAs encompassing the apoB mRNA editing and cross-linking substrate (A-I, nt 6649 -6703) were established (Fig. 9) . All transcripts missing the I region (nt 6697-6703) of the cross-linking RNA (A-C,
A-D, A-E, A-F, A-G, A-H, B-D, B-E, D-H, E-G, and E-H)
failed to show cross-linking to p60 (Fig. 9) . In contrast, transcripts A-I, D-I, and G-I showed cross-linking to this region. These results demonstrate the binding of p60 to be localized to the 3Ј end of A-I apoB RNA (AUUUACA). To determine whether region I of apoB WT55-mer is necessary for in vitro editing, 3Ј-truncated transcripts were assayed for their ability to support apoB editing. Results presented in Fig. 9 demonstrate 97 and 68% WT editing for transcripts A-H and A-G, respectively. This shows that regions H and I (nt 6691-6703) of apoB mRNA are not essential for editing in vitro and that the binding of p60 to apoB mRNA is not required for editing. binding proteins as auxiliary editing factors. Schematic representation of the proposed binding sites of p60 and p43/45 is shown in Fig. 9 .
Specificity of binding of p43/45 to apoB RNA was studied using antisense and control RNAs (Fig. 9, B and D, respectively). Antisense RNA (Anti-A-I) is bound by p43/45 illustrating apparent low binding specificity. p43/45 also bound Anti-FG, an RNA identical to antisense but with regions F and G retained in the sense orientation so as to eliminate AAUUU segments. This result shows the ability of p43/45 to bind other regions of the apoB RNA substrate. Transcript AU 3 (apoB nucleotides 6660 -6671 attached by a four copy tandem repeat of AUUU) also demonstrated UV cross-linking to p43/45. Two further controls, Apobrev3 (A-I sequence with 5Ј to 3Ј reverse orientation) and mouse cytoskeletal ␤-actin mRNA (52% GC), were studied. The former again demonstrated binding by p43/ 45, illustrating low specificity for the orientation of the apoB sequence. UV cross-linking with the GC-rich actin mRNA failed to show any bandings, indicating the preferential binding of the p43/45 proteins for AU-rich sequences.
DISCUSSION
In the present study for the first time we provide evidence for the presence of a secondary structure at the editing site comprising a stem loop in which the edited C is localized in the loop. This was achieved through computer modeling and ribonuclease probing of a series of wild-type and scrambling mutants. The secondary structure model provides a coherent structure that would allow presentation of C 6666 to the APOBEC-1 homodimer and incorporates the linear sequence elements previously identified as being necessary for physiological editing of apoB mRNA. AU-rich binding proteins of 43/45 kDa that copurify with the auxiliary editing factors have been demonstrated by UV cross-linking to bind to the sequence identified as forming the loop and stem of the apoB mRNA at the editing site.
The creation of hairpin, bulge, and internal loops within complex structures of folded RNA often represent binding sites for RNA-binding proteins (51) . Like other RNA processing events, it can be expected that a secondary structural component of apoB mRNA is involved in the recognition of the editing site by the editing enzyme. One of the most commonly found structural motifs of RNA is the stem loop or hairpin, and it often functions as the binding site for proteins. Examples include the bacteriophage MS2 coat protein complexed to a small RNA hairpin (52), the U1A protein complexed with its cognate RNA hairpin (53) , and the iron response element-binding proteins to the hairpin of the iron response element (54) . These hairpin structures are constructed from RNAs ranging in length from 19 nucleotides for the bacteriophage MS2, to 30 nucleotides for the iron responsive element RNA. Loops contain between 4 and 10 nucleotides. The binding of U1A to the U1 small nuclear RNA hairpin II requires the interaction of a pentanucleotide sequence within the loop with two ribonucleoprotein motifs within U1A (53) . Similarly with apoB mRNA, results in this study demonstrate the formation of a stem loop at the editing site for both 46-and 55-nucleotide substrates. This stem loop structure is constructed from 25-30 nucleotides of apoB mRNA, in which the edited cytidine is localized within the loop for presentation to the active site of APOBEC-1. We have provided support for a stem loop at the apoB mRNA editing site through homology modeling of APOBEC-1 onto the crystal structure of E. coli cytidine deaminase (ECCDA) (28) . The removal of gap peptides from ECCDA relative to APO-BEC-1 suggested the formation of a cleft between the two active sites in the APOBEC-1 dimer. This proposed cleft would provide access for the apoB mRNA substrate. Results implied that homodimeric APOBEC-1 utilizes the active site in one monomer for binding a downstream U, which is the deamination product, and that this binding positions the targeted C for deamination at the active site of the other monomer (18, 28) . The distance between the two active sites in the proposed APOBEC-1 dimer, 21 Å, suggests that in order for this to happen, the substrate segment must assume a tertiary structure that presents both U and C bases to the active site at this distance apart. The molecular mass of the 30-nucleotide apoB mRNA stem loop is ϳ10 kDa which corresponds closely to that of the cleft formed at the APOBEC-1 dimer interface, which is also predicted to be ϳ10 kDa. The physical distances between active sites of the dimer, and the corresponding volume of the predicted crevice, are therefore consistent with the dimensions of the 30-nucleotide stem loop presented in this study.
Previous studies on apoB mRNA have identified cis-acting sequence elements at the editing site including the mooring sequence motif, spacer element, and a putative AU-rich APO-BEC-1-binding site (26, 35, 38 -40) . These sequence elements are incorporated within the apoB mRNA stem loop and suggest the requirement for both a complex secondary structure that localizes C 6666 within the loop and specific sequence elements. In this investigation a series of scrambling mutants previously used to study sequence requirements (39) were probed with specific ribonucleases for stem loop formation. Each mutant RNA spanning the editing site contained a unique 6-nucleotide segment converted to antisense. Results illustrated that mutant RNAs able to support in vitro editing maintain this conserved stem loop. Those mutants not presenting this structure, FIG. 7 . Blue Sepharose chromatography of chick intestinal extract. A, elution profile from a blue Sepharose column. Protein was eluted with a linear gradient of 0 -2 M NaCl followed by elution with 2 M NaCl, 2 M urea. 10-ml fractions were collected. B, SDS-polyacrylamide gel electrophoresis analysis of UV cross-linked chromatography fractions.
32 P-Labeled wild-type 55-nucleotide human apoB mRNA was incubated with dialyzed samples from each fraction and exposed to UV radiation, followed by RNase A digestion. Positive and negative controls show RNA incubated with starting material and no extract, respectively. Molecular mass size marker is shown on the left, and molecular masses of the three major bands are shown on the right. C, primer extension analysis showing the editing of synthetic apoB mRNA substrate by chromatography fractions (5-40 g) supplemented with APOBEC-1. Positive and negative controls using starting extract and no extract, respectively, are shown. Unedited (CAA) and edited (UAA) extension products are indicated.
namely C, D, and E (nt 6660 -6678), fail to show significant editing. In the case of mutants F and G (nt 6679 -6690), which demonstrate a stem loop but fail to support high levels of editing, mutagenesis studies suggest a specific sequence requirement rather than structure. This is illustrated in the case of certain point mutants within region F which abolish editing (39) . Point mutation of A to G at position ϩ13 of apoB mRNA would be predicted to have no effect on the stem loop structure. The same nucleotide transition at position ϩ15 would extend the stem region by 1 base pair and would presumably help strengthen the stem loop structure. In vitro conversion of these mutants showed almost complete abolition of editing, supporting the requirement of a sequence element. Similarly, residues distant from the stem region (those within mutant G) would not be expected to have a great influence on stem loop formation yet almost completely abolish editing. Again this is consistent with both sequence and structural requirements of apoB mRNA. The structure probing and editing of these scrambling mutants support the involvement of a stem loop at the editing site of apoB mRNA.
In this study using the same scrambling mutants, we have revealed important regions of apoB mRNA involved in editing in vitro using chick extract as the source of auxiliary factors. Regions immediately upstream of C 6666 (nucleotides 6660 -6665), and more extensively downstream (nucleotides 6667-6690), when mutated to their complementary sequence, show markedly reduced levels of editing. These results with chick auxiliary extract are consistent with previous studies using alternative sources of auxiliary factors illustrating that regions around the editing site, particularly the mooring sequence, play an important role in both in vitro and in vivo apoB mRNA editing (35, (37) (38) (39) (40) . A notable difference to studies using rat extract (39) was that of region G, which appears to be important for editing with chick extract but not rat, and may represent an additional sequence element requirement. Another difference between the two studies is that of mutants H and I (nt 6691-6703). The elevated editing upon removal of these sequences may reflect removal of competing AU-rich regions for p43/45.
To study chick proteins that co-localize with auxiliary editing activity and bind to apoB mRNA, we have purified intestinal S100 extract through chromatography and characterized apoB RNA-binding proteins. In purified extract proteins of 43/45 and 60 kDa show UV cross-linking to apoB mRNA. This interaction could not be demonstrated through gel-shift assays (data not shown), suggesting relatively low binding affinities for apoB mRNA. These proteins were exclusively present in chromatography fractions demonstrating auxiliary editing activity, supporting the role of these proteins in editing and as candidates for the unidentified auxiliary editing factor(s). Inhibition of UV cross-linking with PG and FMA was selective for p43/45. This paralleled the inhibition of auxiliary editing activity, providing further evidence for the role of these proteins in apoB editing and also implicated a role for arginine(s) and disulfide bond(s) in their structure and for RNA binding. UV cross-linking of p60 was similarly inhibited by PG. However, at a concentration in which FMA completely abolished p60 binding, almost half of the auxiliary editing activity remained. This implied that p60 binding was not critical for auxiliary editing activity.
The mapping of the binding sites of these proteins onto apoB mRNA demonstrated the specific binding of p60 to a 7-base region (AUUUACA, nt 6697-6703) at the extreme 3Ј end of the 55-nucleotide wild-type substrate. Efficient editing of truncated transcripts lacking this 3Ј-region (A-G and A-H) show that the binding of p60 to apoB mRNA is not required for editing in vitro. The cross-linking proteins p43/45 showed preferential binding for a sequence motif within region D (AAUUUG, nt 6667-6672). The nature of this binding is similar to that of a 60 kDa protein from rat enterocytes that has been implicated in apoB mRNA editing (29) . The binding of this rat protein to apoB mRNA has been shown to be specific for the UGAU motif (nt 6671-6674) which overlaps that of the chick p43/45-binding site. These proteins may have similar functions in apoB mRNA editing. The binding of p43/45 to apoB mRNA would predict an interaction with the loop and stem and in doing so may present the apoB mRNA in a favorable conformation for editing by the APOBEC-1 dimer. It may also stabilize the interaction between APOBEC-1 and apoB mRNA (55) . p43/45 also demonstrated general AU-binding characteristics and failed to bind to a GC-rich control RNA. The low specificity binding of these proteins is consistent with previous studies, such as the identification of a 44 kDa protein expressed in McArdle RH7777 cells (56) , in which general AU-rich binding proteins co-localize with auxiliary editing activity and show interaction with apoB mRNA (29, 32, 35) . If p43/45 are involved in auxiliary editing activity through RNA recognition and binding, association with apoB mRNA might be expected to be selective. Although, as we have demonstrated, binding speci- 
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mutants of apoB mRNA were prepared as 32 P-labeled substrates by T7 promoter-mediated in vitro transcription reactions. Wild-type (A-I) apoB mRNA is shown. C 6666 is marked in larger font. B, UV cross-linking of 60 and 43/45 kDa proteins to wild-type and deletion mutant apoB mRNA. C, proposed binding sites of UV cross-linking proteins p43/45 and p60 on apoB mRNA shown by broken line. D, UV cross-linking of p43/45 and p60 to control RNAs. E, primer extension analysis of 3Ј-apoB mRNA truncation mutants, A-H and A-G, incubated in the presence (ϩ) and absence (Ϫ) of chick extract. Efficiency of editing is given as percent wild-type A-I. ficity is low, the preferential binding site for 43/45 kDa (nt 6667-6672) has been demonstrated to be integral for apoB RNA editing in vitro. APOBEC-1 also has general AU binding activity (26, 57, 58) . Furthermore, low and high affinity RNAprotein interactions have been shown to be involved in several forms of RNA processing (59) . Thus, p43/45 remains a strong candidate for the auxiliary editing factor(s).
In conclusion, in this study we have demonstrated the formation of a conserved stem loop secondary structure within the apoB mRNA editing site, and we propose that this presents the edited C to the composite active site of APOBEC-1 in a conformation that is favorable for editing. Through studying apoB mRNA-binding proteins from chick extract, we present evidence for the involvement of 43/45 kDa proteins in auxiliary editing activity. p43/45 preferentially binds to an AAUUUG motif that forms the loop and proximal stem of the conserved apoB mRNA stem loop. The binding of these proteins may help stabilize the stem loop structure and assist substrate recognition by APOBEC-1. Despite the apparent general AU-rich binding properties of p43/45, it remains a strong candidate for the auxiliary factor(s). Definitive involvement of p43/45 in apoB mRNA editing awaits the expression of its cloned gene and those of other possible auxiliary editing factor(s). More information as to the precise role of the stem loop within the editing site of apoB mRNA will come once APOBEC-1 has been crystallized and bound to its cognate substrate RNA.
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